Under anaerobic conditions tetl'athionate was metabolized by washed cells of Thiobacillus X to thiosulphat,e, sulphate, and smnll amounts of trithionate and pentathionate. Depending upon the growth history of the cells large amounts of either elementary sulphur or higher polythionates were also former1. Some oxidation of the inner sulphur of tetrathionate occurred during tho metabolism of t·etra· thionate under nitrogen. The quantitative relationships between the amounts of tetrathionate metabolized and the products suggested that a major reaction was hydrolysis according to the equation: 8 4 0:-+20H-->SO!-+S20!-+S(OHh.
INTRODUCTION
The oxidation oftetrathionate by the aerobic sulphur autotroph, Thiobacill'US X, is "sparked" under some conditions by the addition of a trace of thiosulphate (Trudinger 1964a) . During the course of this work it was observed that tetrathionate oxidation was also initiated by a brief anaerobic incubation of the bacteria with tetrathionate under nitrogen, prior to the introduction of oxygen. This result suggested that tetrathionate was metabolized anaerobically and it has been briefly reported (Trudinger 1964a) that thiosulphate is formed under these conditions. This paper reports the results of a more detailed study of the anaerobic metabolism of tctrathionate and the identification of the products.
II. l\U'l'ERIALS AND :METHODS

((~) Organism (tnd Growth Oo'nditionB
The experiments described in this paper ,vere performed with Thiobacillu.~ X (Parker 1947) and two growth methods were used.
(i) Batch Culture.-The bacteria were grmvn at 30°C in 2-litre penicillin flash:s in the medium (200 ml) described by Trudinger (1961a) . The flasks were shaken continuously during culture. The pH was maintained at 6-7 by periodical additions of Na 2 C0 3 .
(ii) Oontin1W'u8 Culture.-The bacteria were grown in a chemostat with an 800-m] growth chamber. The culture was stirred vigorously and aerated at the rate of 200 litres per hour. The growth rate was controlled by the rate of addition of medium with thiosulphate as the growth-limiting factor, and the pH maintained at 6·2 by the addition of 10% Na,CO a through a solenoid-activated valve controlled by a glass electrode. The medium employed was similar to that used in the batch cultures except that the solution of trace element'3 used in the latter case (Vishniao and Santer 1957) was replaced by the following mixture: ethylenediaminetetraacetic acid, disodium salt, 50 g; ZnSO,.7 H 2 0, II g; CaCI" 5 g; MnCI,.4H,O, 2·5 g; CoCL".6H"O, 0·5 g; NaOH, II g made to I litre with water: 10 ml of this solution was added to 1 litre of culture medium. FeS0 4 .7H 2 0 was added separately to give a final concentration of 0·05 gil. The main differences between the mixture described above and that of Vishniac and Santer are the absence of copper and reduced amounts of zinc, manganese, and cobalt. The growth rate of Thiobacillus X was increased two to three times in the modified medium although the final yield of cells was unchanged. For the present work the doubling time was maintained at 7 hr. For experiments the cells were washed twice ,vith 0 ·IM potassium phosphate, pH 7.
(b) Radioactive Tetmthionate
The preparation of tetrathionate labelled with 35S has been described in a previous paper (Trudinger 1964a) .
(c) Experimental Procedure
Labelled tetrathionate ,vas incubated at 30 a C in Thunberg tubes with washed Thiobacillus X in 3 ml O· 2M potassium phosphate, pH 7. The tubes were evacuated and flushed with oxygen-free nitrogen prior to mixing the substrate with the bacteria. The pH values of the mixtures did not fall by more than 0·4 units in the experiments reported in this paper. The reactions were stopped by the addition of 3 ml 100% ethanol and the mixtures diluted to 10 ml with water and centrifuged. Aliquots of the supernatants were analysed by ion-exchange chromatography as described below. The precipitates were washed three times with 0 ·IM phosphate buffer, pH 7, and oxidized with a mixture of 30 ml conc. HN0 3 , saturated with bromine and 5 ml conc. HCI (Trudinger 1964a) . Mter oxidation the mixtures were evaporated to dryness, dissolved in water, and aliquots plated for assay of 35S.
(d) Chromatography of Sulphur Compounds on Dowex lX2
50 ml water. Elution of the adsorbed material was then carried out as follows, fractions being collected at a rate of approximately O· 5 mljmin:
(I) 100 ml 0 ,5" ammonium acetate, pH 5, eluted sulphide and sulphite; to prevent loss of sulphur by volatilization, iodine was added to the collecting tubes to oxidize these compounds, and the tip of the fractionation column dipped below the surface of the iodine solution. Although sulphide \vas eluted before sulphite the separation was not complete. (2) Sulphate and thiosulphate were eluted with 100 ml 1M and 2M ammonium acetate, pH 5, respectively.
(3) The columns were then washed with 100 ml water and polythionates eluted as described by Iguchi (1958a) . Trithionate was eluted with 100 ml3N HOI, tetrathionate with 100 ml6N HOI, and pentathionate with 100 ml 9N HOI. Mter elution of pentathionate the columns ,vere washed ,vith 100 ml conc. HN0 3 saturated with bromine to oxidize any residual sulphur. It was generally found that, when pure polythionates or mixtures were chromatographed, about 1 % of the total sulphur remained on the coJumns after elution with 9N HOI, indicating some decomposition of the polythionates during the analysis.
The various fractions were generally eluted in 30-50 ml of the respective eluting solution. A typical analysis is shown in Figure 3 .
(e) Analysis of Radioactive 111ixtures on Ecteola Oellulose
Although the foregoing procedure is reliable, relatively rapid, and suitable for the routine analysis of mixtures of inorganic sulphur compounds, the chemical analysis of small quantities of polythionates in strong HCI solutions was found to be unreliable.
VVhen subsequent chemical tests were necessary therefore, the sulphur compounds ,vere separated by chromatography on Ecteola cellulose, from which polythionates can be eluted by relatively low concentrations of ammonium acetate.
Commercial Ecteola cellulose (Brown Co., Corvallis, Oregon) was purified and converted to the acetate form as described above for Dowex IX2. The sample to be analysed was applied to a 15 by I em column of Ect-eola, the column washed with 50 ml water, and the compounds eluted with ammonium acetate, pH 5, at a rate of approximately 0·1 mljmin. An example of the ammonium acetate concentrations used is shmvn in Figure 2 .
A number of factors prevented this method from being a useful routine procedure. The rates of elution of the various compoWlds varied between experiments and appeared to be dependent upon the composition of the mixture being analysed. To obtain the best separation of compounds, the points at which changes in eluant concentrations were made were decided empirically during elution, necessitating continual monitoring of the eluted compounds. l\ioreover, considerable variations were found in the characteristics of different batches of Ecteola and a check of the identity of the eluted compounds was necessary in every analysis. Lastly, the method is time-consuming, taking about 3 days for a complete analysis. Significant decomposition of polythionates can occur in this time, making quantitative measurements unreliable.
It has the advantage, however, that the polythionates in ammonium acetate solvents can be concentrated by low-temperature rotary evaporation under reduced pressure, without appreciable decomposition, and subsequent chemical analyses yield reliable results.
(f) Analysis of asS
The general procedures for the assay of radioactivity have been described in an earlier paper (Trudinger 1961b) . Samples of material in ammonium acetate solutions were dried directly on stainless steel planchets. For the monitoring of 35S in HOI solution, samples were oxidized with bromine and dried onto glass planchets. For accurate determinations of 35S in acid solutions, the samples, after bromine oxidation, were evaporated to dryness, dissolved in water, and plated on stainless steel planchets.
(g) Other Analytical lYl ethods
The separation of sulphur compounds by paper electrophoresis and chromatography on Dowex 2X8 and the analysis of polythionates by degradation with cyanide have been described in an earlier paper (Trudinger 196Ib The supernatants, after centrifuging, were analysed by chromatography on Ecteola cellulose as described in Section II. The eluting solutions were ammonium acetate, pH 5, and fractions of 6--7 ml were collected. 
(k) Terminology
The terms "inner sulphur" (i) and "outer sulphur" (0) are applied as follows:
For thiosulphate: S-SO,; for tetrathionate: O,S-S-S-SO,.
III. RESULTS
(a) Effect of an Anaerobic Preincubation on Tetrathionate Oxidation
Figure 1 shows the initiation of tetrathionate oxidation by a short preincubation of Thiobacillus X with substrate under anaerobic conditions. At low cell concentrations (Fig. I, curve 2) oxidation proceeded for only a few minutes after the introduction of air: at higher cell concentrations (Fig. I, curve I ) the oxidation, once started, proceeded at a rapid and approximately linear rate until all the tetrathlonate was oxidized to sulphate. Anaerobic preincubation in the absence of substrate did not promote subsequent oxidation (Fig. I, curve 3 ).
Experiments have been carried out using doubly labelled [35S]tetrathionate under the conditions for partial oxidation described above (Fig. I, curve 2 ) and the products of oxidation analysed qualitatively by paper electrophoresis. Only tetrathionate and sulphate were found in the mixtures. 
(b) Products of Anaembic Tetratkionate ll1etabolism
Oompound 3 was oxidized by iodine to a compound identified as tetrathionate by chromatography on Dowex IX2 and paper electrophoresis.
Compounds 4, 5, and 6.-When applied to a column of Dowex IX2, compounds 4, 5, and 6 were eluted with 3N HOI, 6N HOI, and 9N HOI respectively. The three compounds isolated from reaction mixtures in which the substrate was doubly labelled ["S]tetrathionate were degraded with alkaline cyanide. The ratios of sulphate : thiosulphate : thiocyanate produced (Table 1) were close to the theoretical values of 2 : 0 : 1 for trithionate, 1 : 2 : 1 for tetrathionate, and 1 : 2 : 2 pentathionate, according to equations (2) Figure 3 shows the results of a fractionation on Dowex IX2 of the products of anaerobic tetrathionate metabolism. In this case only five peaks were obtained, the positions corresponding to those found for (A) sulphate, (B) thiosulphate, (0) trithionate, (D) tetrathionate, and (E) pentathionate in preliminary fractionations with pure compounds. When the compounds isolated by chromatography on Ecteola were rechromatographed on Dowex lX2 it was found that compounds A, B, C, D, and E corresponded to compounds '+2, 3, 4, 5, and 6 respectively. The identities of the compounds eluted from Dowex lX2 were checked further by the tests described above.
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(c) Chromatography of Reaction Mixtures on Dowex lX2
(d) Nature of Cmnpound 1
Although the chromatographic characteristics of compound 1 on Ecteola were similar to those found for sulphide and sulphite, the material was not volatile from acid solutions and did not react with iodine. Moreover, when the reaction mixture supernatants were treated with excess iodine and chromatographed on Ecteola, compound 1 was still present. No peak corresponding to sulphite or sulphide appeared when reaction mixtures were separated on Dowex IX2 (Fig. 3) ; in this case the activity due to compound 1 was eluted together with sulphate.
Compound I, isolated by fractionation on Ecteola, was eluted together with sulphate when again chromatographed on Ecteola. The isolated material was precipitated by barium ions and could not be separated from sulphate by paper electrophoresis or by chromatography on Dowex 2X8. The tests described eliminated the possibilities that compound 1 was sulphite, sulphide, and also a number of common· organic sulphur derivatives such as cystine, cysteine, cysteine sulphinic acid, cysteic acid, and organic thiosulphates and thiosulphonates.
When a mixture of [35SJsulphate and Thiobacillus X was extracted with ethanol, and the extract chromatographed on Ecteola, a peak corresponding to that of compound 1 was found. Compound 1 was absent from supernatants of incubation mixtures which had not been extracted with ethanol, although such extracts contained virtually all the 35S added to the incubation mixtures. It is possible therefore that compound 1 was sulphate, eluted in weak combination with a fast-running material extracted from the cells. Compound 1 was found in reaction mixtures with both batch and continuously grown cells and in the following work the values reported for sulphate include the contribution from this material.
(e) Quantitative Relatiorulkips between Products of Tetratkionate Metabolism
Analyses of a number of reaction mixtures were carried out in an attempt to obtain some information on the mechanism of anaerobic tetrathionate metabolism. Quantitative differences were found between cells grmvn in continuous culture (Table 2 ) and in batch culture (Table 3) .
With continuously cultured cells tetrathionate was converted almost entirely to sulphate, thiosulphate, and elementary sulphur with traces only of trithionate and pentathionate and residual sulphur (i.e. firmly bound to Dowex IX2). The elementary sulphur was precipitated during the incubation and its identity was checked further by its oxidation by fresh intact Tkiobacillus X. Three atoms of oxygen were consumed for each atom of the elementary sulphur oxidized to sulphate.
With batch-grown cells little elementary sulphur was precipitated but large amounts of residual sulphur were produced. In addition, the relative concentrations of sulphate and thiosulphate formed were modified. Once all the tetrathionate had been metabolized there was little or no further change in the products.
The interpretation of the quantitative relationships between tetrathionate metabolized and the products will be considered in Section IV.
(f) Nature of tke Residual Sulphur
The two classes of inorganic sulphur compounds which have been found to resist elution from Dowex IX2 by the standard procedure are polythionates higher than pentathionate and polysulphides, the latter decomposing to sulphide and elementary sulphur which remains at the top of the column. As no signifioant amoWlt of sulphide was deteoted in the eluates from Dowex lX2 columns, it is likely that the residual sulphur was polythionate. This possibility is supported by the fact that a small amount of the residual sulphur was derived from the outer (-SO,) sulphur of tetrathionate. Paper electrophoretograms of the supernatants from the anaerobio incubation mixtures showed the presence of com~ pounds corresponding to higher polythionates (probably mainly S6 with smaller amounts of 8 7 and 8 8 ) though not sufficient amount to account for the residual sulphur fraction. This may have been due to decomposition of the higher polythionates which was found to occur when they were dried onto paper for electrophoresis.
(g) Fate of the Individual Sulphur Atoms of Tetrathionate
The results of experiments using singly labelled ['SSJtetrathionate are shown in Figure 2 and Table 4 . Most of the sulphate was formed from the outer sulphur of tetrathionate while all elementary sulphur and the major part of the residual sulphur were derived from the inner sulphur. A small but significant amount of the ilUler sulphur of tetrathionate was oxidized to sulphate and to the inner position of thiosulphate.
(h) Reduction of Tet,-athionate during Anaerobic Metabolism
The oxidation of the inner sulphur of tetrathionate to the level of sulphate reported above implies some concurrent reduction. In no experiment has a reduction of the outer (-SO,) group been observed. However, in the later stages of anaerobic tetrathionate metabolism (e.g. Table 2 , expts. 4, 5, 6b, 7a, and 7b; Table 3, expt. 3d ) the amount of thiosulphate formed was significantly in excess of one mole per mole of tetrathionate metabolized, indicating an overall reduction of the polythionate molecule.
IV. DISCUSSION
The formation of thiosulphate from tetrathionate under anaerobic conditions provides an explanation for the "sparking" effect of a short anaerobic incubation with substrate upon the oxidation oftetrathionate by Thiobacillus X. Moreover, since rapid tetrathionate oxidation appears to be dependent upon the maintenance of a low oxygen tension in the medium (Trudinger 1964a) , it is likely that the same mechanisms are operative in both the aerobio and anaerobic metabolism of tetrathionate.
The quantitative relationships bet\veen the produots of anaerobio tetrathionate metabolism by Thiobacillus X vary from experiment to experiment (Tables 2 and 3 ) and appear to be dependent in part upon the time of incubation and the growth history of the cells. While it is clear that no single reaction can account for the results observed, some tentative deduotions may be made.
In the early stages of the reaction (Table 3 , expts. 2a and 3a) sulphate and thiosulphate were formed in approximately equimolar amounts, suggesting that one reaction was a hydrolysis of tetrathionate to thiosulphate and two one-sulphur moieties. Consistent with this hypothesis is the fact that, in those experiments where elementary sulphur was a major product (Table 2) , the ratio of sulphur to sulphate formed was also in the order of 1 : 1. 
Reaction (5) would account for the molar relationships between thiosulphate, sulphur, and sulphate described above, but additional reactions would be necessary to explain the formation of other polythionates and the oxidation and reduction which occurs in the later stages of the metabolism.
The mechanism described by equation (6) is attractive for a number of reasons:
(1) It is analogous to the chemical alkaline hydrolysis of tetrathionate (Foss 1947) . (2) The highly reactive sulphur dihydroxide (HO-S-OH) would be expected to interact immediately with itself and other molecules in the medium, leading to the formation of more thiosulphate, other polythionates, and elementary sulphur [see general discussions by Foss (1947) , van der Heijde (1955), and Gmelin (1960, p. 970) ). (3) There is present in Thiobacillus X (Trudinger and Hempfling, unpublished results) and other thiobacilli (Peck 1962 ) a sulphite oxidase and it is probable that during oxidation of sulphur compounds by these orgaulsms each sulphur atom is converted to sulphate through the intermediate stage of sulphite (Peck and 8tulberg 1962) . The formation of sulphate under anaerobic conditions, when sulphite oxidase is presumably blocked, may be accounted for by the reactions described by equations (7) and (8):
0 3 8-8-8-80;-+ 80g--+8-80g-+ 038-8-80g-.
03S-S-8-0g-+0H--+H80.+8-80g-.
Reaction (7) is chemical and occurs rapidly when sulphite is mixed with tetrathionate . (Colefax 1908; Kurtenacher 1924) and the hydrolysis oftrithionate [reaction (8)] has recently been found to be catalysed by Thiobacillus X under anaerobic conditions (Trudinger 1964b) . The results reported in this paper, therefore, may be explained in terms of an initial scission of the tetrathionate molecule according to equation (6). More definitive evidence is necessary, however, before a precise mechanism for the anaerobic metabolism of tetrathionate by this bacterium may be formulated. Experiments with broken cell preparations are in progress but at the present time all such preparations have proved inactive towards tetrathionate.
As shown in Tables 2 and 3 there are differences in the metabolism of tetrathionate between cells grown under continuous and batch conditions. The two growth methods differed also in the method of neutralization as well as in the medium employed and we have not determined the factor or factors determining the change in metabolism.
